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ABSTRACT 
 
Carbon fibre reinforced plastics (CFRP) can be found as structural components in various space 
applications, including the field of ‘gossamer’ structures used as deployable masts, antennas or 
hinges. Many of these applications are missions in low Earth orbit (LEO), which is a particularly 
hazardous environment for polymers and organic materials, such as epoxy resins used in CFRP 
manufacturing.  
The incorporation of silicon derivatives in epoxy resin based CFRPs in order to create hybrid organic-
inorganic networking has been suggested as a way to prolong the life span of ultra-thin composite 
structures. Two ways of modification were considered during this study; incorporation of polyhedral 
oligomeric silsesquioxane (POSS) nanoparticles to create so called nanocomposites, and a mixture of 
POSS with a flexible polydimethylsiloxane (PDMS) in order to achieve a smooth, silicon-rich 
protective surface. Both mono-functional and octa-functional POSS were selected and their 
compatibility with aliphatic amine/epoxy resin system was evaluated.  
The conducted experiment was inspired by the Design of Experiments (DoE) theory to validate the 
degradation of properties. The suggested method allows the magnitude of individual effects that 
contribute to the composite ageing and the effectiveness of various silicon derivatives to be evaluated.  
The results of this study contribute to the development of protection strategies which could help lower 
the rate of LEO induced degradation of ultra-thin CFRP masts.  
 
1. INTRODUCTION 
 
With the increased number of low-cost missions using small satellites, the interest in using carbon 
fibre reinforced composites (CFRP) for space applications has significantly grown [1]. Mass savings 
of CFRP materials in comparison with corresponding metal parts, their flexibility and high 
mechanical properties make them attractive candidates for all kinds of space structures. This 
increasing trend is especially observed in the field of deployable composite structures that are stored 
in a compact volume prior to launch and deployed into much larger surfaces after a certain position 
and altitude have been reached. CFRP composites are primary materials used in this application due 
to their excellent stiffness-to-weight ratio and flexibility [1, 2].  
Choosing CFRPs enables manufacturing of structures with various geometries and structural 
properties. For instance, deployable bistable CFRP booms have been developed at University of 
Surrey (UK) for the low cost SmallSats missions (Fig.1.). It has been observed that by varying an 
angle of a braid material, a structure that is bistable over the whole length can be obtained, which 
enables simple and compact deployment mechanism and mass reductions of the deployer system [2]. 
Another type of ultra-light CFRP booms have been developed by the German Aerospace Center 
(DLR). The DLR booms consist of two omega-shaped CFRP half shells with a wall thickness of 0.1 
mm each [3]. Recently, both types of booms have been proposed as parts of de-orbiting devices, 
however, due to the lengthy nature of deorbiting, the structural integrity of CFRP during long time 
space exposure is of concern.  
CFRP structures have also been introduced to the space industry as deplayable antenaas  [4] or 
telescopic masts [5]. Commercial entities such as Roccor or Oxford Space Systems are pioneers in 
development of deployable space structures, including CFRP components such as hinges, booms, 
solar arrays, sun shields or antennas.  
 
 
Fig. 1. Ultra-thin deployable CFRP masts in a rolled, extended and during deployment 
configurations.  
 
 
LEO is a primary destination for small, low-cost spacecraft, however it is well known that the LEO 
environment degrades both fibres and organic resins used in manufacturing of CFRP structures since 
the organic character of the resin material makes them unsuitable for long duration space exposure 
[6]. The main hazards in LEO are the synergistic effects of ultraviolet radiation, atomic oxygen, 
thermal cycling and high vacuum. Radiation in different frequencies results in volume and surface 
degradation, and particularly hazardous for composite materials is UV radiation with short 
wavelengths (< 400 nm) which carries enough energy to break main bonds present in polymeric 
materials such as C-C, C-O and functional groups.   
Atomic oxygen (AO), which is only present in LEO, is created by short UV wavelengths that carry 
sufficient energy to break the bond of a molecular oxygen (5.12 eV) and photo-dissociate diatomic 
oxygen into neutral atoms. AO bombardment results in etching of spacecraft structures and is critical 
especially for thin-walled structures such as ultra-thin CFRP booms.  
AO is very aggressive to epoxy resins, during a 4 year exposure on the exterior of the International 
Space Station (ISS), as a part of the MISSE 2 PEACE mission, a significant erosion to an epoxy 
sample occurred. The epoxy erosion yield was calculated to be 4.21×10-24 cm3/atom [7], which means 
that an unprotected epoxy structure exposed at the altitude of ISS will erode with a rate of 0.03 
cm/year, assuming an AO fluence of 8.43×1021 atoms/cm2 [8] (the value calculated over 4 years of 
exposure).  
Using the Eq.1 it can be calculated that an epoxy based CFRP structure of a total thickness of 0.5 mm 
will entirely erode in just 1.6 years.  
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Organics exposed to AO will exhibit volume loss per atom of 1 to 4×10-24 cm3/atom, however 
polymers containing carbon-fluorine bonds or silicones have much lower reaction efficiencies by 
approximately a factor of 10 [9]. Protection strategies of CFRP materials usually involve 
implementation of inorganic elements into the polymers [10,11]. Of particular interest is a nano-scale 
reinforcement that can not only increase environmental resistance of the ultra-thin CFRP structures, 
but also contribute to their thermal and mechanical characteristics.  
 
So far, little efforts have been put into prolonging the life spans of ultra-thin, highly flexible CFRP 
deployable structures. The aim of this work is to develop an ultra-thin CFRP deployable mast that 
meets general requirements for LEO applications but is additionally protected from the environmental 
degradation. This is achieved by using two different resin systems, a high-performance aromatic 
epoxy resin system as a backbone of the structure and an aliphatic resin system with improved 
resistance to UV radiation additionally reinforced with silicon nanoparticles for enhanced AO 
durability.  
Previous research shows remarkable improvement of AO resistance of POSS inorganic-organic 
polymers [12] and a rapid formation of protective SiO2 layer which prevents further degradation. 
Addition of flexible PDMS chains helps in dispersion of POSS cages and reduction of surface 
roughness [13]. Consequently, it is expected that with a lower surface roughness the probability of 
interaction with AO will decrease since the active surface area and the number of reflective surface 
sites such as pits and valleys will also decrease.  
This paper discusses the effects of three environmental factors; ultraviolet radiation, thermal cycling 
and moisture absorption on performance of CFRP structures modified with protective coatings. 
Various types of POSS modifiers were selected and their effectiveness on combating the degradation 
was evaluated. Additionally relationship between surface properties such as surface roughness and 
silicon and oxygen surface content on the rate of degradation is discussed.  
 
2. MATERIALS AND METHODS 
 
Ultra-thin deployable CFRP masts have been manufactured using two different resin systems. A one 
part TGDDM resin system, MTM44-1 toughened epoxy resin in a prepreg form, supplied by Cytec 
(USA) was used as a core resin. The high aromatic content of this system provides stiffness to support 
the structure while deployed. Due to the limited stowage space within the deorbiting device, the 
thickness of both the composite masts and a folded sail must be minimized. To achieve this, an ultra-
thin epoxy resin film was used in combination with carbon fibre braid (90 gsm) supplied by A&P 
Technology Inc. (USA) and a unidirectional ply (32 gsm) supplied by Oxeon (Sweden). Braided 
composites were selected due to their ability to generate bistability over the whole length which 
results in a controlled way of deployment. 
To protect the laminate from the hazardous components of LEO a protective organic-inorganic layer 
of epoxy was applied on outer surfaces of the structure. In order to increase the resistance to UV 
radiation, an aromatic resin was replaced with an aliphatic one (Araldite CY 179, Huntsman). The 
absence of main UV chromophores, such as benzene aromatic rings, makes the aliphatic resin more 
likely to survive UV exposures. The system has been cured with cycloaliphatic polyamine (Aradur 
2954, Huntsman) system instead of standard anhydride to further reduce the aromatic content.  
In order to increase thermal stability, atomic oxygen resistance and moisture absorption, silicon 
nanoparticles were introduced into the outer resin system. The inorganic modification has been 
achieved by addition of 5 wt. % POSS or combination of POSS with PDMS. Three types of POSS 
were selected; two mono-functional types: aminopropylisobutyl POSS- terminated with reactive 
amino group and epoxycyclohexyllsobutyl- terminated with one reactive epoxide group, and one 
octa-funtional glycidyl POSS- terminated with eight reactive epoxide groups. All variations of POSS 
was supplied by Hybrid Plastics (USA). In one combination POSS was combined with difunctional 
amino-terminated polydimethylsiloxane (PDMS) supplied by Sigma- Aldrich in ratio 1:1. The 
proposed synthesis route is presented in Fig.2.  
 
Fig. 2. Synthesis route of cycloaliphatic epoxy/amine system with silicon additives.  
 
 
 The manufacturing method 
 
The CFRP laminate is comprised of three plies, two plies of carbon fibre braid and one ply of 
unidirectional fibre that additionally contributes to the axial stiffness of the structure.  
Fig.3. presents the layup for the two types of structures used in this study, an unprotected one, 
manufactured from only an aromatic epoxy and another one with a surface protective layer for 
enhanced environmental resistance.  
 
 
 
 
Fig. 3. Laminate layup of unprotected CFRP masts (left) and protected by the epoxy/amine system 
with silicon additives. 
 
 
Fig.4. presents basic steps of manufacturing process. Firstly, ultra-thin carbon fibre fabric is 
impregnated with an aromatic epoxy resin film; two plies of carbon fibre braid (a) and one ply of 
unidirectional fibres (b). The resin system used for top layers is premixed with silicon nano-additive 
(c) and stirred magnetically for 1h followed by 2h of sonication. Then, surface plies are impregnated 
using traditional hand lamination techniques and paint rollers (d). The curved shape is given by 
forming on a cylindrical heating former (e), tightly wrapped in a Kapton shrink tape.  
Both resin systems are cured together, in a two-step curing cycle, from room temperature to 90˚C 
with a heating rate of 3˚C per minute and dwelling for 45 minutes, followed by 2 hours at 180 ˚C. 
Long curing times are necessary for the top resin system to cure properly, because of lower reactivity 
of the aliphatic system and presence of nano-additives which tend to agglomerate and block the 
reactive sides when heated too fast. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Main steps of manufacturing of CFRP deployable masts.  
 
 
 Experimental procedure and analysis 
 
To evaluate effects of ageing factors on the performance of modified materials, the coated CFRP 
structures were exposed in four combinations; one reference unexposed sample, one exposed to UV 
radiation only, one exposed to thermal effects only and one more exposed to both UV radiation and 
thermal effects.  The conducted experiment was inspired by the Design of Experiments (DoE) theory 
[14]. The effects of moisture absorption were evaluated by weighting samples before and after 
immersing in a purified water for 72h.  
Exposure to UV radiation was performed for 72h under vacuum and simulated by a deuterium lamp, 
with a shortwave spectrum of 115-400 nm. Facility pressure was approximately 2×10-5 Torr. All 
samples experienced 24h periods of temperature of 150˚C under vacuum, followed by 24h of -18˚C.  
After the exposure, samples were weighted using a four digit precision digital balance, within 
maximum of 5 min from removing from testing facility. 
Only one sample of aliphatic epoxy/amine system reinforced with silicon particles was exposed to 
the atomic oxygen source at this point. POSS modified samples were not tested for atomic oxygen 
resistance, however a similar performance is expected. The atomic oxygen flux was calculated (based 
on the mass loss of a reference Kapton sample) to be 1.32×1016 atoms/cm2s, following a procedure 
given by NASA [8]. Samples were exposed for 2h in the simulation facility.  
Surface roughness was evaluated, using a laser scanning confocal microscope (Zeiss, LSM 700), and 
ConfoMap Surface Imaging and Analysis Software for ZEISS microscopes. Surface morphology 
microphotographs were obtained using scanning electron microscope (SEM, JEOL 7100 F). The 
elemental surface composition was acquired with an X-ray photoelectron spectroscopy (XPS),  
K-Alpha XPS instrument equipped with a monatomic and gas cluster ion source (MAGCIS). 
 
3. RESULTS AND DISCUSSION 
 
After applying the surface coating resin, thickness only slightly increases in the case of modification 
with epoxy- and octa-POSS (Tab. 1). Preserving the minimal thickness of the laminate is one of the 
main goals. Higher thickness was observed for samples containing NH2-POSS. This implied that this 
type of POSS is not compatible with the aliphatic epoxy and tends to form agglomerates.  
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Tab. 1. Thickness change with application of organic-inorganic protective epoxy layer. 
Sample: Thickness [mm]: 
Aromatic epoxy only 0.348 (original) 
+ CY+Amine+ epoxy-POSS 0.350 (+1%) 
+ CY+Amine+ octa-POSS 0.358 (+3%) 
+ CY+Amine+ NH2-POSS-PDMS 0.374 (+7%) 
+ CY+Amine+ NH2-POSS 0.421 (+21%) 
 
 
 Ultraviolet effects 
 
A balance between structural performance and environmental resistance can be achieved by 
hybridization of the structure. The aliphatic epoxy resin system selected for the surface coating is less 
thermally stable than the aromatic system, but at the same time it’s more resistant to UV degradation. 
By decreasing the number of chromophores within the surface molecules (principal centres of UV 
absorption) the UV resistance is enhanced.  
 
Tab. 2. UV resistance of modified samples. 
Sample: Mass loss 
[%] 
Mass % of original: Mass % of aromatic 
epoxy 
CY+Amine 0.1520 original +16% 
+ CY+Amine+ epoxy-POSS 0.0979 +35%  +46% 
+ CY+Amine+ octa-POSS 0.1477 +3% +18% 
+ CY+Amine+ NH2-POSS-PDMS 0.1129 +25% +37% 
+ CY+Amine+ NH2-POSS 0.2732 -80% -52% 
 
Tab. 2. presents mass changes in UV radiated samples. Aromatic epoxy lost 16% more mass due to 
UV radiation than the aliphatic one. A very high mass loss was recorded for the sample modified with 
NH2-POSS, however, other types contributed to enhance UV resistance even more than using 
aliphatic epoxy/amine system only. The relationship between degrees of degradation for different 
types of POSS can be explained by evaluating surface roughness and silicon and oxygen surface 
content, which is presented in Section 3.3.  
 
 Thermal effects 
 
Silicon polymers typically have high thermal stability which is directly related to a high dissociation 
energy of Si-O bond. By introducing these strong bonds to the structure of weaker aliphatic 
epoxy/amine system better thermal stability can be obtained. High dissociation energies of silicon 
containing bonds is both beneficial to increasing thermal stability and UV resistance, since the weaker 
bonds such as C-O and C-N are shielded from a direct exposure to incoming photons.  
However, the thermal stability could be decreased if the type of modifier used is not compatible with 
the epoxy system and hinders crosslinking reactions. Large agglomerations of silicon particles block 
reactive epoxide rings and amino groups from each other, and this way unreacted monomers can be 
realised more easily as volatiles due to thermal exposure.  
From the selected types of POSS during this study, it was observed that only the octa-functional 
POSS improved thermal stability of aliphatic epoxy/amine system (Tab. 3.). The mono-functional 
POSS is difficult to disperse and even the premixing reactions did not give satisfactory results. 
Increasing the complexity of the system by adding both NH2-POSS and NH2-PDMS results in the 
lowest thermal performance. Perhaps this kind of modification would be more effective in more 
reactive systems such as aromatic epoxy/amine or aliphatic epoxy/anhydride because the aliphatic 
epoxy/amine system already shows lower reaction rates.  
 
 
 
 
Tab. 3. Thermal performance of modified samples. 
Sample: Mass loss 
[%] 
Mass % of original: Mass % of aromatic 
epoxy 
CY+Amine 1.91 original -85% 
+ CY+Amine+ epoxy-POSS 2.11 -10%  -104% 
+ CY+Amine+ octa-POSS 1.20 +37% -16% 
+ CY+Amine+ NH2-POSS-PDMS 3.39 -78% -230% 
+ CY+Amine+ NH2-POSS 3.14 -65% -204% 
 
 
 The effects of temperature and ultraviolet combined 
 
Thermal degradation effects are significantly higher for the aliphatic epoxy/amine system than UV 
effects. Mass loss due to separate effects and the effects of temperature and radiation combined are 
presented in Fig.5. for all types of modifiers. From the selected POSS candidates, octa-functional 
POSS shows the best performance. Even though, this type of POSS does not stand out in comparing 
performance due to UV radiation, it significantly enhances thermal performance compared to all other 
types. It can be concluded that this type of POSS is compatible with the aliphatic epoxy/amine system 
and can provide significant enhancement in environmental resistance.  
 
 
Fig. 5. Mass loss induced by separate environmental effect: UV radiation (UV), thermal cycling 
(TC) and both effects combined (TC+UV). 
 
 
 Relationship between surface properties and degree of degradation 
 
The surface response to the degrading factor of UV radiation can be explained by looking at the 
surface properties, such as surface roughness and the content of two elements; silicon and oxygen 
(Fig.6. right). Firstly, a correlation between increasing surface roughness and higher mass loss is 
observed (correlation coefficient = 0.87). Higher surface roughness means more active surface area 
that can react with incoming photons or energetic particles, and consequently a higher erosion yield.  
Lower surface roughness is also associated with the resin system reactivity. Octa-functional POSS 
produced an average surface roughness value of 10.14 µm. An even lower value was obtained for a 
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sample of NH2-POSS-PDMS, where highly flexible PDMS chains help with smoothing the surface. 
A value higher by 16% (10.58 µm) was observed for a system containing only NH2-POSS which 
resulted in the increase of mass loss by 2.5 times.  
 
A correlation between the surface content of silicon and oxygen was discovered (correlation 
coefficient = -0.86, Fig.6. left). The lowest value of mass loss was recorded for a resin system 
containing epoxy-POSS with a total percentage of silicon and oxygen elements of 30.9%. Samples 
with a Si/O content below 25% showed significantly higher mass loss than those with a Si/O content 
above 30%. Since Si-O bonds are stronger than C-O or C-N bonds that primarily build the structure 
of the aliphatic epoxy/amine system, it is beneficial for reducing the erosion yields to shield the 
weaker bonds with the stronger ones.   
 
 
Fig. 6. Mass loss change in function of Si/O surface content (left) and surface roughness (right) 
 
 Effects of moisture 
 
Exposure to moisture may decrease mechanical properties of CFRP masts and even if the effects are 
limited by storing samples in clean rooms, they cannot be completely avoided.  
All types of POSS/PDMS modified samples except for the epoxy-POSS modified one showed 
reduction in moisture absorption in comparison to unmodified aromatic only sample (Tab. 4.). 
 
Tab. 4. Moisture absorption of modified samples. 
Sample: Mass change [%] Moisture absorption [%]: 
Aromatic epoxy only +0.98 original 
+ CY+Amine+ epoxy-POSS +1.12 +13% 
+ CY+Amine+ octa-POSS +0.83 -15% 
+ CY+Amine+ NH2-POSS-PDMS +0.92 -7% 
+ CY+Amine+ NH2-POSS +0.83 -16% 
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 Effects of atomic oxygen 
 
Etching by high energetic atomic oxygen species is considered the most harmful of LEO hazards for 
epoxy based CFRP structures. Especially, in case of braided composites where the surface area is not 
perfectly flat, a higher erosion yield can be expected since the active surface area with which the 
incoming atoms can react is higher.  
By applying a siliconized layer of aliphatic epoxy on the surface of aromatic epoxy, a significant 
reduction of surface erosion was observed (Fig.7.). Both samples were exposed side by side, therefore 
it can be ensured that they experienced the same kind of flux. In case of the unmodified epoxy, an 
eroded, carpet-like morphology and exposed fibres are observed. The siliconized aliphatic epoxy 
seems to remain unchanged after the exposure time.  
 
  
  
 
Fig. 7. Effects of introducing silicon modification to the epoxy resin matrix on it degradation by 
atomic oxygen, aromatic epoxy without silicon modification (a), aliphatic, siliconized epoxy (b). 
 
4. CONCLUSION 
 
Surface modification of ultra-thin CFRP masts with an aliphatic epoxy/amine system additionally 
reinforced with silicon nanomodifiers has proven an effective strategy to extend the useful life of 
these structures. With an appropriate selection of modifier, the poor thermal behaviour of the aliphatic 
epoxy/amine system can be significantly improved. From the performed modelling analysis, the most 
promising modifier is the octa-functional POSS that exhibits only 16% decrease in thermal 
performance in comparison to a superior, highly aromatic, high performance TGDDM epoxy resin 
system with an increase of approximately 20% in UV resistance. Additionally it reduced moisture 
absorption by 15% in comparison to an unmodified system. It was observed that this kind of 
modification disperses well in the epoxy matrix and produces a smooth surface, therefore in the future 
×1500 a 
×1500 b 
×20 000 a 
×20 000 b 
higher concentrations than 5 wt. % can added and it is probable that that would additionally increase 
the UV resistance.  
The full performance model can be obtained after testing the modified structures in atomic oxygen 
environment, since it is expected that that effect will be the most harmful. However, from the 
preliminary exposures it can be concluded that the erosion yield would be significantly decreased.  
The conducted analysis identifies the effects that contribute to the degradation of the CFRP structure 
and demonstrates how a novel epoxy system will respond to these hazards. From this initial screening 
analysis, it can be concluded that octa- functional POSS shows the best overall performance and the 
further work will focus on modifying this system to obtain the optimal parameters.  
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